I review the main options one has of introducing mass to neutrinos, including broken R-parity models, as well as the constraints on neutrino properties that follow from astrophysics, cosmology as well as laboratory observations.
Introduction
One of the most unpleasant features of the Standard Model (SM) is that the masslessness of neutrinos is not dictated by an underlying principle, such as gauge invariance, in the case of the photon: the SM simply postulates that neutrinos are massless and, as a result, most of their properties are trivial.
Massless neutrinos would be exceptional particles, since no other such fermions exist. If massive, neutrinos would present another puzzle, of why are their masses so much smaller than those of the charged fermions. The fact that neutrinos are the only electrically neutral elementary fermions means that they could be Majorana-type, the most fundamental one. This may hold the key to why neutrino masses are small: they break lepton number symmetry. This feature is encountered in many extensions of the SM. However, at the present stage of affairs, theory alone cannot make definite predictions for the magnitude of particle masses, and neutrinos are no exception. We simply do not know the scale responsible for neutrino mass, nor the underlying mechanism. Last but not least, one lacks a theory for the Yukawa couplings. In what follows I will discuss the main options one has of introducing mass to neutrinos, and over-view the present information that follows from astrophysics, cosmology as well as laboratory observations.
Models of Neutrino Mass
One of the most popular approaches to generate neutrino masses is Unification. Indeed, in trying to understand the origin of parity violation in the weak interaction by ascribing it to a spontaneous breaking phenomenon, in the same way as the W and Z acquire their masses in the SM, one arrives at the so-called left-right symmetric extensions SU (2) L ⊗ SU (2) R ⊗ U (1) [1] , SU (4) ⊗ SU (2) ⊗ SU (2) [2] or SO(10) [3] , in some of which the masses of the light neutrinos are obtained by diagonalizing the following mass matrix in the basis ν, ν c 0 D
where D is the standard SU (2) ⊗ U (1) breaking Dirac mass term and M R = M T R is the isosinglet Majorana mass associated to the violation of the extended gauge symmetry. In the seesaw approximation, one finds
In general, however, one also has a νν term whose size is expected to be also suppressed by the righthanded breaking scale. This way one can naturally explain the smallness of neutrino masses. Even though M R should be large, its magnitude heavily depends on the model. As a result one can not make any solid prediction for the light neutrino mass spectrum generated through the seesaw mechanism, nor for the resulting pattern of mixing [4] . In fact this freedom has been exploited in model building in order to account for an almost degenerate neutrino mass spectrum presently suggested by solar and atmospheric neutrino data as well as the recent observations on structure formation [5] .
Although very attractive, Unification is by no means the only way to generate neutrino masses.
There is a large diversity of other possible schemes which do not require any new large mass scale. For example, it is possible to start from an extension of the lepton sector of the SU (2) ⊗ U (1) theory by adding a set of two 2-component isosinglet neutral fermions, denoted ν c i and S i , to each generation. In this case there is an exactly conserved L symmetry that keeps neutrinos strictly massless, as in the SM, leading to the following form for the neutral mass matrix (in the basis ν, ν c , S)
This form has also been suggested in various theoretical models [6] , including many of the superstring inspired models [7] . In the latter case the zeros of eq. (3) arise due to the absence of Higgs fields to provide the usual Majorana mass terms. Although neutrinos are massless in this model, they are mixed in the leptonic charged current in a non-trivial way which cannot be eliminated by field redefinitions.
Conventional neutrino oscillation searches in vacuo are insensitive to this mixing. However, such neutrinos may resonantly convert in the dense medium of a supernova [8, 9] . One can also introduce non-zero masses in this model through a µSS term that could be proportional to the vacuum expectation value of a singlet field σ [10] . In contrast to the seesaw scheme, neutrino masses would be directly proportional to σ , m ν ∝ σ . The massless neutrino model characterized by eq. (3) provides a conceptually simple and phenomenologically rich extension of the Standard Model, which brings in the possibility that a wide range of new phenomena be sizeable. These have to do with neutrino mixing, universality, flavour and CP violation in the lepton sector [11, 12] , as well as direct effects associated with neutral heavy lepton production at high energy colliders [13] . The rates for loop-induced lepton flavour and CP nonconservation effects in this model are precisely calculable [11, 12, 14] and can be large as they are not restricted by neutrino masses, only by weak universality violation constraints, which are weaker. The only other example I know of getting sizeable lepton flavour violation (LFV) without neutrino masses is the supersymmetric mechanism first described in ref. [15] . It is interesting to realize that LFV does There is also a large variety of radiative schemes to generate neutrino masses. The prototype models of this type are the Zee model and the model suggested by Babu [16] . In these models lepton number is explicitly broken, but it is easy to enforce the spontaneous breaking of lepton number by adding a single scalar boson σ, as in the version of ref. [17] . Note that the neutrino mass arising from the diagram shown in Fig. (1) goes to zero as σ → 0.
The seesaw and the radiative mechanisms of neutrino mass generation may be combined. Supersymmetry with broken R-parity provides a very elegant mechanism to do this, and can explain the origin of neutrino mass, as well as mixings [18] . Here I focus on the simplest unified supergravity version of the model with bilinear breaking of R-parity, characterized universal boundary conditions for the soft breaking parameters [18] . In this model the tau neutrino (which is the fifth in the following matrix) acquires a mass, due to the mixing between the neutrino and the neutralinos given in the matrix [19] 
This matrix is a truncation of the more complete one that one finds in dynamical models with spontaneous breaking of R-parity and which necessarily contain singlet neutrino superfields [20] . Here I focus on the simplest truncated model with explicit violation of R-parity. Contrary to a popular misconception, the bilinear violation of R-parity implied by the parameter ǫ 3 is physical, and can not be rotated away. One can show that by going to a basis in which ǫ 3 is eliminated from the superpotential one gets exactly the same results as in the original un-rotated basis [21] . A minimal supergravity version of this model contains only one extra free parameter in addition to those of the minimal R-parity conserving supergravity model, as the ǫ 3 and the v 3 are related by a minimization condition [18] . The assumed universality of the soft breaking parameters implies that the value of ǫ 3 is induced radiatively, due (2) we display the allowed values of m ντ , which can be quite low even for sizeable values of ǫ 3 , due to the possible cancellation between the two terms in ξ. In the unified supergravity version of the model with universal soft masses this cancellation happens automatically. The value of ξ becomes calculable in terms of h b , leading to a naturally suppressed m ντ in the KeV range. Notice that ν e and ν µ remain massless in this approximation, even if the other two parameters ǫ 1 and ǫ 2 are added to complete the model for the first two families. This is an old result related to the projective nature of the neutrino mass matrix in these models [22] . The ν µ will get mass either from scalar loop contributions in Fig. (3) [23] , or by mixing with singlets in models with spontaneous breaking of R-parity [20] . This leads to a solution to the solar neutrino puzzle via ν e to ν µ conversions. In short, broken R-parity supersymmetry provides an elegant mechanism for generating neutrino masses and mixings. It is important to notice that even when the neutrino masses are small, the corresponding R-parity violating effects can be large. 
Laboratory Limits
The only model-independent laboratory limits on neutrino mass follow purely from kinematics [25] :
The limit on the ν e mass comes from tritium beta decay [26] while further results from the Mainz experiment are eagerly awaited. The ν µ mass limit comes from PSI (90 % C.L.) [27] , with further improvement limited by the uncertainty in the π − mass. On the other hand, the best ν τ mass limit now comes from high energy LEP experiments [28] and may be substantially improved at a future tau-charm factory [29] .
The most stringent neutrino oscillation bounds come from reactor experiments [30] (ν e -ν x oscillations); from meson factory oscillation experiments (KARMEN [31] , LSND [32] ) and from high-energy accelerator experiments E531 and E776 [33] (ν µ -ν τ ). A recent search for ν µ to ν e oscillations by the LSND collaboration using ν µ from π + decay in flight [34] is consistent with their previously reported ν µ toν e oscillation evidence. However, a recent result from NOMAD rules out part of the LSND region. Fig. (4) , taken from ref. [35] . Note that this bound depends to some extent on the relevant nuclear matrix elements characterising this process [36] and that the effective particle physics parameter m involves both neutrino masses and mixings. Thus, although rather stringent, this limit may allow very large individual neutrino masses, as there may be strong cancellations between different neutrino types. These could follow from suitable symmetries. For example, the decay vanishes if the intermediate neutrinos are Dirac-type, as a result of the corresponding lepton number symmetry [37] .
Neutrino-less double beta decay has a great conceptual importance. It has been first shown in ref. [38] that in a gauge theory of the weak interactions a non-vanishing ββ 0ν decay rate requires neutrinos to be Majorana particles, irrespective of which mechanism induces it. A recent application of this theorem to supersymmetry was discussed here by Hirsch [39] .
The Cosmological Density Limit
The oldest cosmological bound on neutrino masses follows from avoiding the overabundance of relic neutrinos [40] 
where Ω ν h 2 ≤ 1 and the sum runs over all species of isodoublet neutrinos with mass less than O(1M eV ).
Here Ω ν = ρ ν /ρ c , where ρ ν is the neutrino contribution to the total density and ρ c is the critical density.
The factor h 2 measures the uncertainty in the present value of the Hubble parameter, 0.4 ≤ h ≤ 1,
and Ω ν h 2 is smaller than 1. For the ν µ and ν τ this bound is much more stringent than the laboratory limits eq. (5).
Apart from the experimental interest, an MeV tau neutrino is interesting from the point of view of structure formation [41] . Such ν τ masses are theoretically viable as the constraint in eq. (6) holds only if neutrinos are stable on cosmological time scales. In models with spontaneous violation of total lepton number [42] neutrinos can decay into a lighter neutrino plus a majoron, for example [43] ,
or have sizeable annihilations to these majorons,
The possible existence of fast decay and/or annihilation channels could eliminate relic neutrinos and therefore allow them to have higher masses, as long as the lifetime is short enough to allow for an adequate red-shift of the heavy neutrino decay products. These 2-body decays can be much faster than the visible modes, such as radiative decays of the type ν ′ → ν + γ, which would also be highly constrained by astrophysics and cosmology (for a detailed discussion see ref. [40] ).
A general method to determine the Majoron emission decay rates of neutrinos was first given in ref. [44] . The resulting decay rates are rather model-dependent and will not be discussed here. Explicit neutrino decay lifetime estimates are given in ref. [20, 43, 45] . The conclusion is that there are many ways to make neutrinos sufficiently short-lived and that all mass values consistent with laboratory experiments are cosmologically acceptable.
The Cosmological Nucleosynthesis Limit
Stronger limits on neutrino lifetimes or annihilation cross sections arise from cosmological nucleosynthesis. Recent data on the primordial deuterium abundance [46] have stimulated a lot of work on the subject [47] . If a massive ν τ is stable on the nucleosynthesis time scale, (ν τ lifetime longer than ∼ 100 sec), it can lead to an excessive amount of primordial helium due to its large contribution to the total energy density. This bound can be expressed through an effective number of massless neutrino species (N ν ). If N ν < 3.4 − 3.6, one can rule out ν τ masses above 0.5 MeV [48] . If we take N ν < 4 the m ντ limit loosens accordingly. However it has recently been argued that non-equilibrium effects from the light neutrinos arising from the annihilations of the heavy ν τ 's make the constraint a bit stronger in the large m ντ region [49] , ruling out all ν τ masses oi this range. One can show, however that in the presence of the ν τ annihilations in eq. (8) the nucleosynthesis m ντ bound is substantially weakened or eliminated [50] . Fig. 5 gives the effective number of massless neutrinos equivalent to the contribution of a massive ν τ for different values of the coupling g between ν τ 's and J's, expressed in units of 10 −5 . For comparison, the dashed line corresponds to the SM g = 0 case. One sees that for a fixed N max ν , a wide range of tau neutrino masses is allowed for large enough values of g. As long as g exceeds a few times 10 −4 no ν τ masses below the LEP limit can be ruled out. One can express the above results in the m ντ − g plane, as shown in figure 6 . One sees that the ν τ mass constraints from primordial nucleosynthesis can be substantially relaxed, for values of g(m ντ ) which are reasonable in many majoron models such as those in ref. [24, 43, 50, 51] . Similar depletion in massive ν τ relic abundance also happens if the ν τ is unstable on the nucleosynthesis time scale as will happen in many Majoron models [52] .
Supernova Limits
There are a variety of limits on neutrino parameters that follow from astrophysics [53] , including the SN1987A observations, as well as considerations from supernova (SN) theory, such as SN dynamics [54] and SN nucleosynthesis [55] . Here I briefly discuss some recent examples of how supernova physics constrains neutrino parameters in various neutrino conversion scenarios.
The observation of the energy spectrum of the SN1987Aν e 's may be used to provide very stringent constraints on the parameters characterizing resonant neutrino conversions that could take place in the dense supernova medium [56] . This can be applied to various neutrino conversion scenarios in order to constrain the relevant parameters. As an example, the regions to the right of the curves in Fig. (7) , taken from ref. [9] , are ruled out by SN1987A data, while those to the left are allowed. This is very surprising indeed, as there is no way to constrain the mixing of massless neutrinos in the laboratory, since no vacuum neutrino oscillations are possible. As another illustration consider the case of resonant neutrino conversions (massless or massive) induced by flavour changing neutral current (FCNC) neutrino interactions of broken R-parity models. The restrictions that follow from the observedν e energy spectra from SN1987A are shown in Fig. (8) , taken from ref. [57] , for the case where neutrino masses are in the hot dark matter range.
It has been noted that neutrino conversions may play an important rôle in SN r-process nucleosynthesis [55] . This has been used in order to obtain information on various neutrino conversion scenarios. In Fig. (9) , again from ref. [57] , we display the constraints on explicit R-parity-violating
FCNCs for the opposite sign of δm 2 . Though this does not represent as solid a constraint as that which follows from the SN1987A rate argument, it is clear that it would be much more stringent than any constraint obtained from the laboratory. In particular, putting together the results from Fig. (8) with those of Fig. (9) , corresponding to two sign possibilities for δm 2 , it is clear that they disfavour a leptoquark interpretation of the recent HERA anomaly.
Another example of how astrophysics can constrain neutrino properties has to do with shock reheating and the delayed explosion mechanism of Bethe and Wilson. This has been recently considered within the scenario of resonant ν e → ν s andν e →ν s conversions in supernovae, where ν s is a sterile neutrino [58] , with mass in the hot dark matter mass range. In Fig. (10) , taken from ref. [58] , the resulting constraints on mixing and mass difference for the ν e −ν s system that follow from the supernova shock re-heating argument are displayed. The implications of such a scenario for the detectedν e signal from SN1987A and for the r-process nucleosynthesis hypothesis have also been analysed in ref. [58] . An interesting result is that SN r-process nucleosynthesis can be enhanced for some region of active-sterile oscillation parameters. As a final remark I mention a nice recent paper [59] showing how resonant neutrino conversions [60] induced by Majorana neutrino transition moments [61] can also be restricted by SN arguments.
In summary, neutrino masses now seem required in order to account for the data on solar and atmospheric neutrinos, as well as the hot dark matter component of the Universe. The scenarios needed in order to reconcile these anomalies may have interesting implications [62] . Detecting neutrino masses is one of the most outstanding goals in particle physics, with far-reaching implications also for the understanding of fundamental issues in astrophysics and cosmology. This work was supported by DGICYT grant PB95-1077 and by EEC under the TMR contract ERBFMRX-CT96-0090.
